This paper establishes a flow equation using non-Newtonian fluid mechanics and defines the deformation of residual oil using numerical computation in order to conduct a study on the flow law of residual oil in microchannels of rock during polymer flooding, the influence of flooding fluid elasticity on the deformation of residual oil, and flooding mechanism of viscoelastic displacing fluid. Computation shows that advancing contact angle increases and receding contact angle decreases as the viscosity ratio decreases. The higher elasticity of polymer solution with higher concentration or molecular weight leads to significantly more obvious deformation of residual oil and benefits migration and stripping of residual oil. The impact of the initial wetting angle of residual oil film on deformation is analyzed. A smaller initial wetting angle corresponds to a bigger change of advancing contact angle and smaller change of receding contact angle. A better understanding of the flooding process is gained via a study on residual oil deformation in polymer flooding. Consequently, oil flooding efficiency and oil recovery can be enhanced. This is the hydrodynamic mechanism of enhanced oil recovery (EOR) by polymer flooding.
Introduction
There are two reasons why polymer solution greatly increases oil recovery of the oilfield flooded by water: (1) with higher viscosity, polymer solution effectively improves the oil-water mobility ratio, reduces the interlayer contradictions, improves the fluid entry profile, and increases the sweeping volume of flooding solution; (2) with viscoelastic effect, polymer solution floods the residual oil after water flooding and increases flooding efficiency and thus oil recovery. Zhang and Yue [1] studied the flooding mechanism of residual oil in the dead end and found that bigger viscoelasticity and sweeping volume of polymer solution led to stronger stress on residual oil. Jamaloei and Kharrat [2] conducted a detailed analysis of the mechanism of surfactant flooding in oil-wet and water-wet porous medium. Shi et al. [3] conducted a study on residual oil distribution by steam flooding after polymer flooding with a refined numerical method, which provides a reliable basis for further development of specified oilfield blocks. Seppecher [4] computed the flow of the fluid around contact line with numerical computation and figured out the relation between the dynamic contact angle and the static contact angle and its impact on velocity. Chou et al. [5] computed the change of advancing contact angle and receding contact angle of fluid drop on a tilting plane and wetting hysteresis with numerical computation, which was consistent with the experiment. Harvie et al. [6] conducted a parameter study on fluid drop deformation through fluid flow microshrinkage. Garstecki et al. [7] described the deformation process of fluid drops and gas bubbles in a microscale T-shape flow channel and pointed out that fluid drop bursting mainly depended on differential pressure in case of small capillary number. Fang et al. [8] conducted three-dimensional numerical simulation of contact angle hysteresis of microscale two-phase flow and discussed the deformation and separation conditions of fluid drops. Seevaratnam et al. [9] studied the water-driven deformation of fluid drops adhering to a solid wall under constant differential pressure and suggested that the deformation was influenced by the quantity of flow, viscosity ratio, and fluid drop volume. The critical condition of fluid drop sliding and separation was taken by a high-precision camera. Cubaud et al. [10] computed the coupling of fluid drop and viscous laminated flow in the square micro pore-throat and pointed out that capillary number was an influencing factor for fluid drop bursting and analyzed the influence of fluid drop bursting to small fluid drops on the flow. Wang et al. [11] [12] [13] conducted in-depth research on how viscoelastic fluid improves flooding efficiency and pointed out that the elasticity of viscoelastic fluid changes the force on residual oil and thus improves the flooding efficiency. They defined microforces for the first time and illustrates that microforces accelerate the deformation and convex of residual oil and small oil drops are separated from the main body. Yang et al. [14, 15] figured out the flow equation of viscoelastic fluid in micro porethroats and numerical solution of flow field, including velocity field and stress field, with upper-convected Maxwell constitutive equation, compared the flooding force on residual oil by different viscoelastic flooding fluids and corresponding residual oil deformation, and obtained hydrodynamic mechanism of elastic flooding of residual oil drop. Rother et al. [16] studied the impact of the surfactant on the viscous interaction in buoyancy flooding of deformed drops. Xiao et al. [17] [18] [19] studied the influence of emulsion inertia on shearing, calculated the stress with the Batchelor formula to obtain the interfacial stress and disturbance stress, initially forming the dynamics mechanism of drops in oscillatory and elongational flow with limited Reynolds number and reflecting elastic effect of stress of viscous drop emulsion under inertia. Fu et al. [20] observed the deformation and bursting of fluid drop in transition from a drop shape to a jet shape in micro porethroats by experiment. Qi and Xu [21] obtained precise speed field and stress field through discrete Laplace transform of a series of fractional derivative, providing a good method for studying the fluid with complex rheological property. Zhang et al. [22] numerically studied the flow of fully developed viscoelastic fluid through a rotary quadrature tube and calculated axial velocity and axial normal stress. Calculation results show that secondary flow, axial flow, and axial normal stress are all influenced by rotation. Hayat et al. [23] calculated the rotational flow of generalized Newtonian fluid in porous media with the slip condition of wall taken into consideration and compared boundary conditions with slip and nonslip.
Mathematical Model
Residual oil refers to the crude oil remaining in the pores within the flooding area in the flooding process and is usually dispersed. Residual oil after water flooding can be classified into five types, that is, oil drop, oil column, oil film, oil cluster, and oil in a dead end, and oil film type has the largest quantity and the broadest distribution. The formation of residual oil is mainly influenced by the microscopic anisotropy of oil formation, wettability on the rock surface, and the interfacial tension between crude oil and water [24] . This paper treats oil film type residual oil as the study object and establishes a physical model of residual oil film on the surface of pores of a certain rock (Figure 1 ). It mainly studies the velocity and stress distribution of the flow field where polymer solution flood residual oil film, analyzes the impact of the viscosity ratio of flooding solution and residual oil and the wettability of residual oil on the stress and deformation of residual oil, and finally figures out the hydrodynamics mechanism of polymer flooding.
2.1. Weissenberg Number. There are many rheological parameters to characterize fluid viscoelasticity in the study on the rheological property of viscoelastic fluid. This paper mainly adopts the Weissenberg number (We) to identify the ratio of elasticity to viscosity of fluid.
Different from pure viscous fluid, in addition to nonreversible deformation (viscous flow) under the external force, viscoelastic fluid flowing in the channel has a certain strain recovery and shows elasticity after the external force is gone. In order to represent the role of the elastic effect in flowing, a nondimensional number We is defined and it equates to recovery strain (elastic strain).
where We is defined as the ratio of the first normal-stress difference N 1 to viscous shear stress τ. When We is big, flowing is mainly determined by the first normal-stress difference: elasticity plays a leading role. When We is small, flowing is mainly determined by viscosity force. Therefore, the role elasticity and viscosity plays in the flowing of viscoelastic fluid can be clarified. In the low shear laminated flow, we have
where J e represents steady shear compliance with J e = 1/G, G represents elasticity modulus, U represents characteristic velocity, and D represents characteristic scale. Therefore, for viscoelastic fluid flowing in the channel, the characteristic scale can be set as the channel width, characteristic velocity can be set as the average velocity in the channel, and relaxation time is
Then We can be calculated by the following formula:
Weissenberg number represents the elasticity of viscoelastic fluid. Elasticity plays a significant role in flooding, especially in the third recovery. On the one hand, the bigger 2 Geofluids elasticity of viscoelastic fluid leads to a bigger sweeping area and higher sweep efficiency. On the other hand, the bigger elasticity of viscoelastic fluid leads to bigger normal stress and tangential stress on residual oil and makes residual oil deform more easily, increasing flooding efficiency. Given that recovery efficiency equals to sweep efficiency multiplied by flooding efficiency, increasing the elasticity (We) of viscoelastic fluid can enhance oil recovery. Viscoelastic fluid has a bigger influence on flooding efficiency. The capillary number Ca = μ p Gh/σ represents the ratio of viscosity force to interfacial tension [25] , μ p represents the viscosity of polymer solution, μ o represents the viscosity of residual oil, and the viscosity ratio of residual oil and the polymer solution is λ μ = μ o /μ p .
Motion Equation.
Since the interface is moving, interfacial tension is taken into consideration in the motion equation [26, 27] .
where σ represents the interfacial tension between polymer solution and residual oil, ∂B the residual oil surface including point x B , κ the curvature of residual oil surface, n the outer normal unit vector of residual oil surface, and δ x − x B is the δ function of the second order. Here, interfacial tension is treated as a mass force for numerical computation and a source item in the motion equation. T represents stress tensor. Since the residual oil film deforms as it flows with polymer solution, transient computation is needed here. The interface between polymer solution and residual oil is coupled with a flow equation, and integral solution of a motion equation should be performed in two steps. In step one, pressure is ignored and velocity field is predicted as [28] 
where Δt represents time step and u * represents new velocity. Calculate u n till a new interface is obtained, and obtain ρ n+1 x via density equation (7) as follows:
In step two, calculate the velocity field via the central difference and obtain
Discretize the above equation. With incompressibility
obtain a Poisson equation against pressure
The flow field, including velocity field and stress field, can be calculated via the above flow equation, and then deviatoric stress and horizontal differential stress on the oil film and residual oil deformation can be calculated. Residual oil deformation because of viscoelastic polymer flooding is a nonconstant issue involving fluid-to-fluid interface deformation and reconstructing and complex rheological properties of polymer solution. Therefore, both interfacial tension and time variance should be considered in the flow equation. Computational analysis of the polymer flow field can be made with the flow equation improved according to a real case.
Result Analysis
3.1. Flow Field Distribution. The polymer flow field includes velocity field, pressure field, and deviatoric stress field and stream function distribution shown in Figure 2 in which all units are international standard units. Figure 2 shows that flow channel becomes increasingly narrower in the upstream of the oil film and flooding solution flows at a greater velocity which hits the maximum on the top of the oil film. At the oil film, pressure drop reaches the maximum, with bigger stress T 11 and smaller T 22 , and there is rotation in the flowing process. There is parallel linear flow at the entry of flow channel. The flow line gets curved when it is closer to the oil film with the largest curve on the top of the oil film and then folds and returns to parallel linear flow. A bigger velocity difference at the oil film leads to bigger microscale stress on the oil film. A bigger differential pressure leads to bigger macroscopical stress on the oil film. Stress T 11 is close to differential pressure in terms of the order of magnitude; T 12 and T 22 are relatively small. Therefore, T 11 plays a leading role in the stress and deformation of residual oil.
The Impact of the Viscosity Ratio on Residual Oil
Deformation. The following are the basic parameters: fluid channel is 20 μm wide and 100 μm long, and residual oil film is 40 μm long and 10 μm wide. Computation conditions are as follows: the density of polymer solution is 1100 kg/m 3 , and that of residual oil film is 850 kg/m 3 . Interfacial tension is 0.001 mN/m, initial wetting angle is 47°, quantity of flow is 2e − 10 m 3 /s, viscosity ratio is 0.25, Ca is 1.2, Re is 2.5e − 6, and We is 0.4. Figure 3 shows residual oil deformation at different times. Figure 3 shows greater residual oil deformation along the viscoelastic polymer flooding direction. Figure 4 shows residual oil deformation when residual oil viscosity remains unchanged, flooding polymer viscosity changes, and thus viscosity ratio changes. Time t is equal to 0.4 s.
It is shown in Figure 4 that Reynolds number (Re) decreases, capillary number (Ca) increases, flooding force increases, and residual oil deforms more obviously as flooding solution viscosity increases and thus viscosity ratio decreases. The advancing angle and receding angle of residual oil are calculated in order to better reflect the deformation scale [29] [30] [31] . Measurement of contact angle depends on whether the solid surface is "nonwettable" or "wettable."
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The former is called advancing angle θ a , and the latter receding angle θ r , which are shown in Figure 5 .
In the former case, the fluid drop becomes bigger if more fluid is injected into it and the contact angle here is called advancing angle represented by θ a , while in the latter case the fluid drop becomes smaller if fluid is taken out by an injector and the contact angle here is called receding angle represented by θ r . The advancing angle is not equal to and often larger than the receding angle, which is called contact angle hysteresis. Table 1 shows how contact angle changes with the viscosity ratio. Table 1 shows that residual oil deformation is increasingly obvious with an increasingly bigger advancing angle and an increasingly smaller receding angle as the viscosity ratio decreases. It is assumed here that three-phase junction is fixed and the interfacial tension between residual oil and rock is large enough. If this interfacial tension is not enough to resist the flooding force of viscoelastic polymer solution, point A will move forward when receding angle decreases to the critical value; point B will move forward when the advancing angle increases to the critical value. In this way, residual oil moves forward and the flooding effect is achieved. . Interfacial tension is 0.001 mN/m, quantity of flow Q is 2e − 10 m 3 /s, viscosity ratio is 0.5, We is 0.4, Re is 5e − 6, Ca is 0.6, and t is 0.4 s. For oil films with the same length 40 μm, the wetting angle is set at 30°, 45°, and 60°since initial wettability differs. Figure 6 shows that bigger initial wetting angle corresponds to bigger residual oil film and more obvious deformation. However, it is biased to observe deformation scale only from the above figures since their initial wetting angles differ. Below are the computed changes of advancing and receding contact angles (Tables 2 and 3) .
It is found in Tables 2 and 3 that the bigger initial wetting angle leads to bigger advancing contact angle and smaller receding contact angle. However, when the initial wetting angle is 30°, the advancing angle change reaches the maximum 74.33°; when the initial wetting angle is 60°, the receding angle change reaches the maximum 32.94°. In other words, for oil films with the same length, a smaller initial wetting angle corresponds to the bigger change of the advancing contact angle and more obvious downstream deformation; a bigger initial wetting angle corresponds to a bigger change of the receding contact angle and more obvious upstream deformation. For residual oil on the surface of the oil-wet rock with bigger interfacial tension between residual oil and rock, overall separation is very difficult but local separation is relatively easy. Therefore, a bigger initial wetting angle leads to easier partial separation. Figure 7 .
Calculation of Normal Deviatoric Stress. The variation of normal deviatoric stress under different conditions is shown in
The normal deviatoric stress is the force perpendicular to the surface of residual oil, and it causes the normal convex and concave of residual oil, which benefits local deformation and enlargement of regional oil. Figure 7 shows that the smaller ratio of viscosity of residual oil and polymer solution and the higher polymer solution viscosity result in higher normal deviatoric stress on the residual oil film. Different wetting angles (30°, 45°, and 60°) of the oil film with the same length (40 μm) result in corresponding variations of oil film height, and the higher wetting angle and height of oil film correspond to larger normal deviatoric stress on the oil film. The normal deviatoric stress shows a similar trend in the above conditions. In the upstream of the oil film, the normal deviatoric stress gradually increases to reach the extremum and then decreases, and the oil film is compressed. Around the middle of the oil film, the normal deviatoric stress is negative, and the oil film is in tension. In the downstream 5 Geofluids of the oil film, the normal deviatoric stress is positive, and the oil film is compressed. This causes compression in both ends and tension in the middle. The distribution of normal deviatoric stress benefits the convex of the oil film in the middle, and the oil film is deformed by flooding fluid and separates from the main body.
3.5. Calculation of Tangential Deviatoric Stress. The variation of tangential deviatoric stress under different conditions is shown in Figure 8 .
The tangential deviatoric stress is the force along the tangent line of the residual oil film, and the higher tangential deviatoric stress results in a larger angular deformation. The trend of tangential deviatoric stress in Figure 8 shows 6 Geofluids that there is a dividing point between 1/4 and 1/2 lengths along the flowing direction, and the tangential deviatoric stress is negative before the point and positive behind the point. The smaller ratio of viscosity of residual oil and polymer solution and the stronger elasticity result in higher tangential deviatoric stress on the residual oil film. Due to the memory function of viscoelastic fluid, the elasticity of flooding fluid has a hysteretic influence on the peak of tangential deviatoric stress. The larger wetting angle of the oil film with the same length (40 μm) results in larger tangential deviatoric stress on the oil film.
3.6. Calculation of Horizontal Deviatoric Stress. The variation of horizontal deviatoric stress under different conditions is shown in Figure 9 . Figure 9 shows the positive value of horizontal deviatoric stress except for the part near the rock, indicating that the horizontal component of the force of polymer solution on the residual oil is in the same direction as the flowing. The negative value in the part near the rock is due to the interfacial tension in the triphase contact area. The horizontal deviatoric stress is axisymmetrically distributed along the middle of the oil film with the maximum value. The horizontal deviatoric stress variation has the similar trend as the normal deviatoric stress does.
3.7. Calculation of Vertical Deviatoric Stress. The variation of vertical deviatoric stress under different conditions is shown in Figure 10 . Figure 10 shows that the vertical deviatoric stress variation is positive in a small part of the middle of the oil film and negative in the rest part, suggesting that the vertical component of force of polymer solution on the residual oil has a downward direction. The absolute value of vertical deviatoric stress in the upstream of the oil film is higher than that in the downstream of the oil film, indicating higher pressure. The comparison with horizontal deviatoric stress shows that the absolute value of vertical deviatoric stress is higher than that of horizontal deviatoric stress in the same position. The normal and tangential components of both horizontal and vertical deviatoric stresses have the same direction as both normal and tangential deviatoric stresses.
The oil has the smallest interfacial energy with a static residual oil film and polymer solution in the equilibrium state. The superficial area of the residual oil film tends to decrease as much as possible and a shrinkage force along the tangential direction, that is, interfacial force stops the deformation of the interface. The shape of the contact area 7 Geofluids of the rock, oil, and flooding fluid results from the balance between the interaction force (adhesive force) of oil molecules in the adhesive layer and the rock molecules and the mutual attraction (cohesion force) of oil molecules. If the adhesive force is higher than the cohesion force, the rock is wetted by the oil with the expanded adhesive layer. 
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Conversely, the adhesive force is lower than the cohesion force, and the rock is not wetted by the oil with the shrunk adhesive layer. When the flooding fluid sweeps through the residual oil, both shear and tension forces are generated, changing the shape of residual oil, and the wetting angle is changed correspondingly, causing wettability hysteresis. The wettability hysteresis is not obvious with higher interfacial tension, while wettability hysteresis is obvious with lower interfacial tension when the residual oil is possibly completely separated. There is a critical capillary number for the deformation and separation of residual oil. With the capillary number below the critical value, the residual oil is further stretched and reaches the steady state. Otherwise, the residual oil continues to be stretched. For a long time, the latter part of residual oil is pushed downstream, and a negative curvature is generated toward the rock wall face. The front part of residual oil rolls along the rock wall face. With the high interfacial tension between the rock and residual oil, the residual oil is broken, and a part is separated from the parent fluid drop, and another part is still adhered to the rock wall.
Conclusions
With the same quantity of flow, this paper analyzes the impact of the viscosity of flooding solution and the wettability of residual oil on the stress of residual oil. The computation shows that residual oil deformation is increasingly more obvious with an increasingly bigger advancing angle and an increasingly smaller receding angle as the viscosity ratio decreases. Through the analysis of the impact of the initial wetting angle on residual oil deformation, it is concluded that the bigger initial wetting angle corresponds to the bigger advancing angle and smaller receding angle. For oil films with the same length, the smaller initial wetting angle corresponds to the bigger change of the advancing contact angle and more obvious downstream deformation; the bigger initial wetting angle corresponds to the bigger change of the receding contact angle and more obvious upstream deformation. Such analysis offers certain guidance to the preparation of polymer solution and understanding of residual oil film distribution in microchannels and increases flooding efficiency and oil recovery. The horizontal stress difference reflects the force on the flooded residual oil of different heights toward the flowing direction. The horizontal stress difference increases with the flooding fluid viscosity. As the viscosity increases by one time, the horizontal stress difference increases by one time correspondingly. The increase of flooding fluid elasticity results in the change of the horizontal stress difference, which increases to the extremum and then decreases gradually. The point of the extremum is not located at the triphase contact point, but somewhere in the upstream of the residual oil film, which is related with the memory function of viscoelastic fluid. The higher elasticity of flooding fluid results in a larger extremum of horizontal stress difference.
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